We have observed the temperature stability of the amorphous structure in many transition-metal-alloy systems (Nb-Mo, Ta-W, Nb-Zr, Mo-Ru, WoRe, Mo-Rh, Ta-Re, Zr-Mo, Ta-Ir, and Zr-Ru) prepared by electron-beam evaporation onto liquid-helium-cooled substrates. Past observations which established criteria for the formation of amorphous metallic alloys were largely limited to close-packed elements. In this paper, which includes a large number of bee elements, we find that the crystalline-state immiscibiltiy of the elements is a stronger factor in determining the stability, as well as the ease of formation of the amporhous structure, than is the difference in atomic size of the constituent elements.
In our research on the superconductivity of amorphous transition-metal alloys over the past several years, 1-3 we have observed the kinetic stability of the structure which is generally termed amorphous in a variety of transition-metal-alloy systems. Past observations have been limited to alloys composed of fcc or hcp elements or both. The emphasis here is placed on alloys whose elements are both bcc, mixed bcc-hcp, and bcc-fcc, We find that some of the rules for preparing amorphous alloys are not binding, especially the requirement of large size differences between the constituent atoms. We have examined the following alloy systems: Nb-Mo, Ta-W, Nb-Zr, Mo-Ru, Mo-Re, W-Re, Mo-Rh, Ta-Re, and specific concentrations in Zr-Mo, Ta-Ir, and Zr-Ru alloys.
The elements and alloys were prepared under conditions specifically designed to reduce gaseous impurities which can act as stabilizing components of an amorphous structure. The liquid-helium-cooled substrates upon which the alloys were deposited was the last region to be cooled and was surrounded by Uquid-nitrogen-cooled radiation shields. Prior to evaporation, the substrate was quickly scanned by the electron beam to remove condensables. Simultaneously, titanium or zirconium was evaporated onto a large area (0.6 m 2 ) cooled by liquid nitrogen. The films were prepared by electronbeam evaporation from a single source onto the z-cut single-crystal sapphire substrates at evaporation rates of 100 AI sec. All films were in excess of 500 A and most were over 1000 A thick. The background pressure before evaporation was typically 1 x 10-7 Torr and probably much better in the region of the substrate due to the presence of the cryopumping surfaces. At the above evaporation rate and pressure we estimate a maximum gas content in the films of about 0.3 at. %. Films of NbO.9SZrO.Os were prepared in background 02 pressures up to 5 X 10-6 Torr and exhibited no gas-pressure dependence in either the superconducting transition temperature T c' in the amorphous state, or in the transition temperature from the amorphous to the crystalline structure (large differences in T c after crystallization were found as expected from the known strong effect of O 2 on the superconductivity of Nb). From this we conelude that the stabilization of the amorphous structure by background gases plays an insignificant role in these results.
The deposited films were annealed to 350 K at a rate of 1-3 K/min after Tc was measured; recooling to liquid-helium temperature and remeasurement of T c was then performed. The resistance was monitored in situ during the annealing process. Upon removal from the vacuum chamber the films were microprobed for composition, with an accuracy of several percent. 1,3 This was followed by electron microscopy on the Hitachi HU-125 for most specimens, with the 650-kV Hitachi electron microscope used for thicker specimens. For those films which had not crystallized up to 350 K, heating to higher temperatures was carried out in in the electron microscope up to about 850 K, Even higher temperatures (1000 K) were necessary for some films and this was achieved by radiation heating of the sample enclosed in a Ta box in a vacuum chamber at 10-7 Torr, other portions of the films heated above 350 K were annealed in vacuo to correlate the change in resistance of the specimen with the amorphous-to-crystallinetransformation temperature.
The combination of the Tc data before and after annealing, the annealing behavior as evidenced by a rather sharp decrease in resistance in a narrow temperature range (10-20 K), and the electron-diffraction results present a reasonably consistent pattern of behavior. The superconductivity transition temperature reverted to or toward the corresponding crystalline values for those films which exhibited a sudden decrease in resistance upon annealing to 350 K. These films also exhibited a crystalline diffraction pattern (at 300 K) identical to the corresponding bulk structure, except for a few cases of solid solubility extended to concentrations greater than the equilibrium solubility, e.g., MOO.S1Reo.49' MOO.46Reo.S4' and WO.62Reo.38' Except for Ru-rich (590% Ru) Mo-Ru alloys, all other films exhibited a two-or three-ring diffuse diffraction pattern, and grains could not be observed in these films down to a limit of -20 A. Further annealing for these films resulted in crystallization that correlated well with the abrupt decrease in resistivity, Phases after crystallization at temperature greater than 350 K were not identified, The Ru-rich Mo-Ru alloys are believed to have been deposited in the crystalline state because of (i) the absence of an abrupt resistance change (reSistance decreased monotonically with temperature), (ii) the observation of small grains « 100 .A) of the hexagonal close-packed structure, and (iii) the film with 25 at. % Mo exhibited a sharp resistance change at low temperature (25-30 K).
In the following we make the assumption that the sudden decrease in reSistance upon annealing marks the amorphous -to-crystalline-transformation temperature T tr. With this assumption, the transformation temperatures are given in Table I and are shown graphically in Fig. 1 for the indicated 4d transition-metal alloys, and Mo-Re, where Re was substituted for the radioactive element technetium, We interpret all the bcc elements as amorphous in the as-deposited condition. Of the hcp and fcc elements examined (Ru, Re, Hf, Ti, Rh, and Ir), we only find evidence for an amorphous structure in Re.
The alloys examined here which were composed of bcc elements and which form a complete solid solution 1000 T tr (K) in the crystalline state (Nb-Mo and Ta-W) exhibit low transformation temperatures comparable to or scaling between the values for the respective elements, These alloys demonstrate the difficulty in making generalizations about the type of system necessary to form amorphous alloys when only a single preparation technique or substrate temperature has been employed. An amorphous structure might not be formed by sputtering or evaporation onto a substrate at 77 K, since the annealing temperature is often less than this value, The bcc alloy system which forms a complete solid solution at high temperature, Nb-Z r, exhibits considerably higher transformation temperatures in the solid-solution range compared to the elements.
Amorphous alloys of the bcc-hcp and bcc-fcc structures were stabilized independent of the atomic-size differences of the constituent elements. In fact, some of those alloys with relatively small differences in atomic size exhibited the highest transformation temperatures, e.g., Mo-Re (1.8%), W-Re(2.6%), and Mo-Ru(4,9%). The major difference between these systems and the Nb-Mo and Ta-Walloys, which have atomic-size differences on the order of 5%, is that the former have miscibility gaps and form intermediate phases. The transformation temperature attains a maximum value on the order of one-third the average melting temperature of the elements in the two phase regions, in agreement with past observations. 4, 5 We find that it is not feasible to lay down rigid rules regarding the formation of amorphous metallic materials and that, basically, past criteria may only serve as a guide to the relative ease at which such materials can be prepared or may only be applicable to alloys composed of close-packed elements, If, as we have assumed, the sharp change in resistance Signifies the amorphous-to-crystalline-transformation temperature for those samples that annealed at temperatures less than 350 K, then none of the following criteria 4 -6 hold for all these alloys: (i) The equilibrium phase diagram shows iimited terminal solubilities of the two components; violated by Nb-Mo and Ta-W alloys.
(ii) The composition range of the amorphous structure corresponds to the center portions of the miscibility gap; violated by all alloys except Ru-rich Mo-Ru.
(iii) 'the atomic-size difference is greater than 10%.
(iv) The substrate surface is amorphous or atomically rough to reduce mobility; used a crystalline 'surface.
These criteria were established for certain alloys, vapor deposited on substrates at 80 K and for these alloys the above criteria are valid. Our results indicate that criteria (i) and (ii) are useful as a guide toward the ease of formation of amorphous metallic alloys of transition metals, and certainly they indicate the relative stability of the amorphous structure. However, the size difference does not seem to be too important, except insofar as it is a factor causing solid-state immiscibility and intermetallic phases in the crystalline alloys. If, however, the resistance change does not signify T tr' then we can only regard as amorphous those films with T tr greater than 350 K. In this case, all the amorphous alloys would be in accord with criteria (i) and (ii), but criteria (iii) and (iv) are violated. Several factors which may lead to different results compared to past experiments and cause the violation of the size-difference criterion are the following:
(1) The melting temperature of the 4d and 5d transition metal elements are considerably higher than for those examined before.
(2) The alloys are concentrated toward the bcc structure, 1. e" they contain bce elements. It has been noted that bcc elements are easier to stabilize in an amorphous structure and that the close-packed structure is a closer approximation to the amorphous structure.
(3) A lower substrate temperature was used.
Finally, these results suggest that immiscibility of the elements is a stronger factor than atomic-size differences in determining the stability ~s well as the ease of formation of amorphous metals.
